Introduction
============

The epithelial-mesenchymal transition (EMT) is a process by which epithelial cells are converted into a mesenchymal cell phenotype by losing their epithelial function and characteristics.^\[[@R1]\]^ EMT is thought to be involved in the pathogenesis of airway remodeling in asthma.^\[[@R2]\]^ Transforming growth factor β1 **(**TGF-β1**)** is a pleiotropic cytokine that exerts various effects in different cells, including cell proliferation, differentiation, immune function inhibition, and extracellular matrix formation.^\[[@R3]\]^ TGF-β1 has been identified as a "master switch" in the induction of EMT and works through distinct signal transduction pathways, including Smad, non-Smad, and β-catenin. Among them, the β-catenin pathway is highly correlated with the pathogenesis of airway remodeling in asthma.^\[[@R4]\]^ Therefore, the inhibition of the β-catenin signaling pathway represents a potential novel treatment for asthma via the attenuation of TGF-β1-induced EMT.

Vitamin D is a class of fat-soluble vitamins that are primarily synthesized in the skin and converted into the biologically active form in the liver and kidney via two hydroxylation steps. 1α, 25-dihydroxyvitamin D~3~ (1α, 25(OH)~2~D~3~) is the most important active metabolite of vitamin D in the body.^\[[@R5]--[@R9]\]^ Recent studies have shown that 1α, 25(OH)~2~D~3~ induces epithelial differentiation in normal cells and increases the expression of components of almost all types of cell adhesion structures, which are essential for obtaining and maintaining the epithelial phenotype. This indicates that 1α, 25(OH)~2~D~3~ may be a negative modulator of EMT.^\[[@R1]\]^ Ramirez *et al* reported that 1α, 25(OH)~2~D~3~ reduces the expression of TGF-β1 and attenuates TGF-β1-induced EMT in rat lung epithelial cells.^\[[@R10]\]^ However, the exact molecular mechanisms are unknown.

Vitamin D is involved in two pathways. Classically, vitamin D is mediated by membrane VDR to activate or repress the transcription of target genes. However, it also exerts a non-genomic effect via cross-talk with other signaling pathways.^\[[@R11]\]^ One study previously showed that 1α, 25(OH)~2~D~3~ promotes the transport of β-catenin from the nucleus to the plasma membrane, competing with T-cell transcription factor 4 (TCF4) for β-catenin binding, thus inhibiting the Wnt/β-catenin signaling pathway.^\[[@R12]\]^ Su *et al* found that 1α, 25(OH)~2~D~3~ promoted cardiac differentiation by inducing the expression of CK1α (a negative regulator of the Wnt signaling pathway).^\[[@R13]\]^ However, the effects of 1α, 25(OH)~2~D~3~ on the β-catenin pathway in TGF-β1-induced EMT processes have not yet been reported. Our previous study showed that the inhibition of β-catenin by ICG-001 (a selective inhibitor of β-catenin transcriptional activity) suppressed TGF-β1-induced EMT in tubular epithelial cells.^\[[@R14]\]^ In the present study, we investigated the mechanism by which 1α, 25(OH)~2~D~3~ induces EMT via TGF-β1 and its interaction with ICG-001 in alveolar epithelial cells.

Materials and Methods
=====================

Cell culture and treatment
--------------------------

Alveolar epithelial cells in rats were obtained from Baili (Shanghai, China). The cells were cultured in a humidified atmosphere of 5% CO~2~ at 37°C for 24 h in Dulbecco modified Eagle medium (DMEM; Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% fetal bovine serum, 100 U/mL penicillin, and 100 mg/mL streptomycin. Cells were seeded on six-well culture dishes at a density of 1 × 10^5^ cells per well. When the cells reached approximately 80% confluency, the medium was substituted for serum-free DMEM overnight. Then, 1 μmol/L of 1α, 25(OH)~2~D~3~ and 5 μmol/L of ICG-001 were added either alone or in combination for 24 h, followed by stimulation with 10 ng/mL TGF-β1 (PeproTech, Rocky Hill, NJ, USA) for 48 h. The morphology of the cells was observed by inverted fluorescence microscopy.

Western blotting
----------------

After drug administration, the cells were incubated with radioimmunoprecipitation assay lysis buffer on ice for 30 min. The lysate was centrifuged at 12,000 r/min and 4°C for 30 min and the resulting supernatant was collected. The protein concentration was measured using a bicinchoninic acid protein assay kit (Beyotime Biotechnology, China). Equal amounts of total proteins (30 μg) were mixed with an equal volume of loading buffer and loaded onto 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis.

The proteins were then transferred onto polyvinylidene fluoride membranes separately. After blocking with 5% powder skim milk for 1 h, the membranes were incubated with primary antibodies against E-cadherin (E-cad), α-smooth muscle actin (α-SMA), fibronectin (FN), and β-catenin (Abcam, Cambridge, MA, USA) overnight at 4°C, followed by incubation with anti-mouse or anti-rabbit horseradish peroxidase-conjugated antibodies (Abcam) at room temperature for 1 h. Protein expression was visualized using a chemiluminescence system (Olympus, Tokyo, Japan).

Immunofluorescence staining
---------------------------

Alveolar epithelial cells were plated in 24-well plates with coverslips. Once the cells grew to the appropriate density, they were stimulated with TGF-β1, ICG-001, or 1α, 25(OH)~2~D~3~ alone or a combination of these. After 48 h, the cells were washed with phosphate buffered saline (PBS) three times, fixed with 4% paraformaldehyde for 20 min at 4°C, incubated with 0.1% Triton X-100 (Sigma-Aldrich, St. Louis, MO, USA) at 4°C for 15 min, and blocked with 10% bovine serum albumin in PBS for 20 min at room temperature. The treated cells were then exposed to antibodies against β-catenin, E-cad, α-SMA, and FN at 4°C overnight. The cells were then stained with the secondary antibodies IgG-Cy3 or IgG-fluorescein isothiocyanate in a dark room for 1.5 h and washed with PBS three times (3 min/wash). For nuclei labeling, the cells were incubated with 4',6-diamidino-2-phenylindole for 20 min in the dark. Fluorescence microscopy was used for image analysis.

Real-time reverse transcription quantitative polymerase chain reaction (RT-qPCR)
--------------------------------------------------------------------------------

Total RNA was extracted from cells using TRIzol reagent (Invitrogen, Carlsbad, CA, USA), according to the manufacturer\'s instructions. First-strand complementary DNA (cDNA) was synthesized using a Reverse Transcription System kit (Roche, Basel, Switzerland). The RT-qPCR reaction mixture consisted of cDNA (1 μL), forward and reverse primers (each 0.5 μL, Table [1](#T1){ref-type="table"}), 2× RT-qPCR Master Mix (12.5 μL), and deionized water (for a total volume of 25 μL). The RT-qPCR reaction was run under certain conditions. The reaction parameters were 95°C for 2 min, followed by 40 cycles of 95°C for 35 s, 60°C for 1 min, and 72°C for 30 s. The grayscale ratio was calculated using the imaging software.

###### 

Primer sequences for reverse transcription-quantitative polymerase chain reaction.

![](cm9-133-1298-g001)

Gelatin zymogram
----------------

The cells were seeded at a suitable density on a six-well plate. The protein was extracted 3 days after drug administration. The protein sample was mixed with gelatin (Invitrogen) at 120 V for 2.5 h. After electrophoresis, the gel was eluted with 2.5% Triton X-100 and incubated with substrate buffer for 36 h at 37°C. The gel was then stained with Coomassie Brilliant Blue (BioRad, Hercules, CA, USA) and de-stained with a decolorizing solution. After bleaching, a white stripe was visible on the blue background.

Top flash assay
---------------

To assay the transcriptional activity of β-catenin, cells were transfected with Top/Fop Flash plasmids (Millipore Corp, Billeric, MA, USA) or a pRL-TK plasmid (control for transfection) using Lipofectamine 2000 (Invitrogen). After 48 h, a Dual-Luciferase Reporter Assay System (Promega, Madison, WI, USA) was used to analyze the levels of Firefly and Renilla activity in the lysates. The luciferase assay was performed in triplicate for each experiment.

Statistical analysis
--------------------

Statistical analysis was performed using SPSS (version 22.0) (SPSS, Inc., Chicago, IL, USA) for Windows. All data are presented as mean ± standard deviation. Differences between three or more groups were analyzed using one-way analysis of variance, followed by the Least Significant Difference-*t post-hoc* test. A *P* value \<0.05 was considered statistically significant.

Results
=======

1α, 25(OH)~2~D~3~ and ICG-001 inhibit TGF-β1-induced EMT
--------------------------------------------------------

We first established a model of TGF-β1-induced EMT in alveolar epithelial cells. Under basal conditions, alveolar epithelial cells showed a cobble-toned-like morphology \[Figure [1](#F1){ref-type="fig"}\]. Cells were treated with 10 ng/mL TGF-β1 for 24 h, after which the cell morphology was found to change into a spindle-like morphology. The morphological changes were reversed by adding 1α, 25(OH)~2~D~3~ or ICG-001 or alone or in combination before TGF-β1 treatment. The morphology of the cells was not significantly changed by simultaneous treatment with 1α, 25(OH)~2~D~3~ and ICG-001 compared to the control. Subsequently, we investigated whether 1α, 25(OH)~2~D~3~ regulated the protein levels of key EMT markers in TGF-β1-treated cells by western blotting analysis. The western blotting results showed that the expression of epithelial cell marker E-cad was significantly reduced with increasing TGF-β1 stimulation. Moreover, the expression of the mesenchymal cell marker α-SMA and extracellular matrix FN was positively correlated with TGF-β1 treatment. Following treatment (eg, with 1α, 25(OH)~2~D~3~, ICG-001, or both), we found that the combined treatment of 1α, 25(OH)~2~D~3~ and ICG-001 significantly decreased the expression of α-SMA and FN, but increased the expression of E-cad compared to the 1α, 25(OH)~2~D~3~- and ICG-001-treated groups \[Figure [1](#F1){ref-type="fig"}\]. Immunofluorescence analysis showed similar results, demonstrating that 1α, 25(OH)~2~D~3~ or ICG-001 inhibited TGF-β1-induced EMT, while 1α, 25(OH)~2~D~3~ had a synergistic effect when combined with ICG-001.

![1α, 25-dihydroxyvitamin D~3~ and ICG-001 inhibit TGF-β1-induced epithelial-mesenchymal transition. (A) Representative western blots of E-cad, α-SMA, FN, and β-catenin compared with the β-actin control in the lysate of untreated and treated cells. (B) Quantitative analysis of (A) using relative densitometry intensity. Values are expressed as the mean ± SD, ^∗^*P* \< 0.01 *vs.* Control group, ^\#^*P* \< 0.01 *vs*. TGF-β1 group, ^&^*P* \< 0.01 *vs*. TGF-β1, 1α, 25-dihydroxyvitamin D~3~ and ICG-001-treated group, *n* = 5. (C) Phase-contrast images of alveolar epithelial cells untreated (Con) or treated with TGF-β1 (10 ng/mL) for 24 h, or treated with 1α, 25-dihydroxyvitamin D~3~, ICG-001, or both in the presence of TGF-β1. Immunofluorescence images of E-cadherin, α-SMA, FN, and β-catenin staining in cells exposed to the respective treatments. α-SMA: α-Smooth muscle actin; Con: Control; E-cad: E-cadherin; FN: Fibronectin; TGF-β1: Transforming growth factor β1; VD: 1α, 25-Dihydroxyvitamin D~3~.](cm9-133-1298-g002){#F1}

1α, 25(OH)~2~D~3~ and ICG-001 act as negative regulators of the Wnt/β-catenin signaling pathway
-----------------------------------------------------------------------------------------------

To further explore the molecular mechanism by which 1α, 25(OH)~2~D~3~ suppressed TGF-β1-induced EMT, the transcriptional activity of the Wnt/β-catenin signaling pathway was investigated in-depth. The Wnt signaling pathway normally requires β-catenin to enter the nucleus, forming a complex with the transcription factor TCF/Lymphoid enhancer-binding factor(LEF) to initiate transcription of downstream regulatory genes. The transcriptional activity of endogenous β-catenin was measured using the Top/Fop Flash reporter assay, and the level of WNT pathway core protein β-catenin was determined using semi-quantitative analyses. We found that TGF-β1 markedly induced β-catenin-mediated transcriptional activity and increased β-catenin levels in alveolar epithelial cells. Following treatment with 1α, 25(OH)~2~D~3~ or ICG-001 alone or in combination, the high levels of β-catenin-mediated TOP luciferase activity in the alveolar epithelial cells were downregulated \[Figure [2](#F2){ref-type="fig"}\]. This indicated that the transcription activity of TCF/LEF was decreased. Correspondingly, the expression level of β-catenin was reduced. A combination of 1α, 25(OH)~2~D~3~ and ICG-001 inhibited the β-catenin signaling pathway more strongly than either one of the treatments alone, suggesting that 1α, 25(OH)~2~D~3~ and ICG-001 negatively regulate the β-catenin pathway and the existence of a synergistic effect between 1α, 25(OH)~2~D~3~ and ICG-001.

![1α, 25-dihydroxyvitamin D~3~ and ICG-001 act as negative regulators of the Wnt/β-catenin signaling pathway. Interactions between β-catenin and LEF were shown using the Top-flash assay. The relative luciferase activity in cells transfected with the Fop-flash and Top-flash vectors are shown in the control, TGF-β1-treated, TGF-β1-1α, 25-dihydroxyvitamin D~3~-treated, TGF-β1-ICG-001-treated, and TGF-β1-1α, 25-dihydroxyvitamin D~3~-ICG-001-treated cells. Values are expressed as the mean ± SD. ^∗^*P* \< 0.01 *vs*. Control group, ^\#^*P* \< 0.01 *vs*. TGF-β1 group, ^&^*P* \< 0.01 *vs*. TGF-β1, 1α, 25-dihydroxyvitamin D~3~ and ICG001-treated group, *n* = 5. There was no statistical difference in TOP-flash activity between the control, TGF-β1-treated, TGF-β1-1α, 25-dihydroxyvitamin D~3~-treated, TGF-β1-ICG-001-treated, and TGF-1α, 25-dihydroxyvitamin D~3~- ICG-001-treated groups. Con: Control; TGF-β1: Transforming growth factor β1; VD: 1α, 25-Dihydroxyvitamin D~3.~](cm9-133-1298-g003){#F2}

1α, 25(OH)~2~D~3~ and ICG-001 inhibit downstream transcription factors matrix metalloproteinase 9 (MMP-9) and Snail in the β-catenin signaling pathway
------------------------------------------------------------------------------------------------------------------------------------------------------

As a key transcription factor, Snail is also a downstream transcription factor in the Wnt/β-catenin pathway. As shown in the RT-qPCR results, we found that TGF-β1 increased the transcription level of Snail, which was inhibited after treatment with either 1α, 25(OH)~2~D~3~ or ICG001 alone or in combination \[Figure [3](#F3){ref-type="fig"}C\]. Due to the increased expression of MMP observed in EMT, we assessed the expression of MMP, specifically MMP-9, by gelatin zymography. Treatment of alveolar epithelial cells with TGF-β1 resulted in a significant increase in MMP-9 activity. After the administration of either 1α, 25(OH)~2~D~3~ or ICG001 alone or in combination, TGF-β1-mediated MMP-9 activity was reduced \[Figure [3](#F3){ref-type="fig"}A and 3B\]. The RT-qPCR results indicated that Snail expression was significantly lower in the combination treatment group compared to the 1α, 25(OH)~2~D~3~ and ICG-001 treatment groups. Meanwhile, the gelatin zymogram results showed that the MMP-9 activity in the combination group was lower than that in either the 1α, 25(OH)~2~D~3~ or ICG-001 groups. These results indicate that 1α, 25(OH)~2~D~3~ and ICG-001 synergistically inhibit the downstream transcription factors MMP-9 and Snail in the β-catenin signaling pathway.

![1α, 25-dihydroxyvitamin D~3~ and ICG-001 inhibit the downstream transcription factors MMP-9 and Snail in the β-catenin signaling pathway. (A) Representative MMP-9 gelatin zymography of supernatants from cells treated with the corresponding treatments. (B) Quantitative analysis of (A). Relative MMP-9 zymography intensity was calculated against the untreated medium. Values are expressed as the mean ± SD. ^∗^*P* \< 0.01 *vs*. Control group, ^\#^*P* \< 0.01 *vs*. TGF-β1 group, ^&^*P* \< 0.01 *vs*. TGF-β1, 1α, 25-dihydroxyvitamin D~3~ and ICG001-treated group, *n* = 5. (C) The expression of Snail in cells treated with the corresponding treatments was analyzed using real-time PCR. Values are expressed as the mean ± SD. ^∗^*P* \< 0.01 *vs*. Control group, ^\#^*P* \< 0.01 *vs*. TGF-β1 group, ^&^*P* \< 0.01 *vs*. TGF-β1, 1α, 25-dihydroxyvitamin D~3~ and ICG001-treated group, *n* = 5. Con: Control; MMP9: Matrix metalloproteinase 9; TGF-β1: Transforming growth factor β1; VD: 1α, 25-Dihydroxyvitamin D~3~.](cm9-133-1298-g004){#F3}

Discussion
==========

Asthma affects more than 300 million people worldwide and is one of the most common chronic respiratory diseases.^\[[@R15]\]^ Emerging evidence has suggested that the airway epithelium contributes to airway remodeling via the EMT.^\[[@R16]\]^ Vitamin D is of particular concern in asthma due to its immunomodulatory functions.^\[[@R17]\]^ Recent studies have shown that vitamin D deficiency is closely related to the development of asthma.^\[[@R18]\]^ It has been clinically proven that vitamin D supplementation has a therapeutic effect on asthma.^\[[@R19],[@R20]\]^ However, the cellular and molecular mechanisms of vitamin D in airway remodeling in asthma have not yet been fully elucidated, and the use of vitamin D for the treatment of bronchial asthma remains controversial. In the present study, we investigated the effects of vitamin D on the EMT and its underlying mechanism to confirm whether vitamin D is able to effectively reduce airway remodeling, thereby providing therapeutic guidelines for the control of the pathogenesis of asthma using vitamin D.

The EMT plays an important role in the pathological process of airway remodeling in asthma. In EMT, TGF-β1 is an important cytokine.^\[[@R21]\]^ Under the action of TGF-β1, epithelial cells lose their typical cell-cell junctions and cell polarity and acquire phenotypes that are more mesenchymal. This is characterized by the downregulation of epithelial markers E-cad and the upregulation of the mesenchymal markers α-SMA and FN.^\[[@R22],[@R23]\]^ Studies have shown that 1α, 25(OH)~2~D~3~ regulates the EMT in epithelial cells, while 1α, 25(OH)~2~D~3~ inhibits the EMT by inducing various target genes that encode cell adhesion and polarity proteins responsible for the epithelial phenotype by inhibiting key EMT inducers.^\[[@R1]\]^ In our study using alveolar epithelial cells, we found that 1α, 25(OH)~2~D~3~ increased the expression of E-cad and reduced the expression of α-SMA and FN in TGF-β1-treated alveolar epithelial cells. It was confirmed that 1α, 25(OH)~2~D~3~ inhibits TGF-β1-induced EMT and may have a protective effect on airway remodeling.

TGF-β1 exerts its actions through different signal transduction pathways, including Smad, non-Smad, and β-catenin.^\[[@R24]\]^ The classic Wnt/β-catenin pathway plays a key role in cell migration, cell proliferation, stem cell self-renewal, organogenesis, tissue homeostasis under physiological conditions, and tissue repair in injuries.^\[[@R25]\]^ Under the stimulation of TGF-β1, β-catenin is activated and accumulated in the cytoplasm, enters the nucleus, and binds to the transcription factor TCF/LEF, forming a transcriptional activation complex, which promotes the transcription of EMT-inducing genes.^\[[@R26],[@R27]\]^ Thus, the β-catenin pathway regulates TGF-β1-induced EMT. Our previous study found that targeting β-catenin inhibited TGF-β1-induced EMT in renal epithelial cells by using ICG-001, a peptidomimetic small molecule that selectively blocks β-catenin-mediated transcriptional signaling.^\[[@R14],[@R28]\]^ In the present study, we showed that ICG-001 inhibited TGF-β1-induced EMT in alveolar epithelial cells and exerts a synergistic effect with 1α, 25(OH)~2~D~3.~

To further investigate the effect of 1α, 25(OH)~2~D~3~ on the β-catenin signaling pathway, we used the Top/Fop Flash luciferase reporter gene system, which is able to accurately detect the entry of β-catenin into the nucleus, and its combination with the transcription factor TCF/LEF.^\[[@R29]\]^ Compared with the TGF-β1-treated group, the activity of the dual luciferase reporter plasmid decreased after treatment with 1α, 25(OH)~2~D~3~ or ICG-001 alone. Therapy using a combination of 1α, 25(OH)~2~D~3~ and ICG-001 further lowered the activity of the dual luciferase reporter plasmid. 1α, 25(OH)~2~D~3~ was found to inhibit TGF-β1-induced EMT by negatively regulating the β-catenin/TCF signaling pathway in alveolar epithelial cells.

We also measured the expression of Snail and MMP-9, which are downstream target genes in Wnt/β-catenin pathway.^\[[@R30],[@R31]\]^ Snail is a zinc-finger transcription factor that represses epithelial genes and activates mesenchymal phenotype genes.^\[[@R32]\]^ MMP-9 is a family of MMP whose primary function is to degrade and remodel the homeostasis of extracellular matrices.^\[[@R33]\]^ Both Snail and MMP-9 are downstream products of the TGF-β1/β-catenin signaling pathway and participate in TGF-β1-induced EMT in epithelial cells. Treatment with 1α, 25(OH)~2~D~3~ was found to significantly reduce the expression of Snail and MMP-9 upon stimulation with TGF-β1. It was further confirmed that 1α, 25(OH)~2~D~3~ inhibited TGF-β1-induced EMT via the β-catenin signaling pathway.

In conclusion, the present study found that 1α, 25(OH)~2~D~3~ inhibited TGF-β1-induced EMT in alveolar epithelial cells. More importantly, 1α, 25(OH)~2~D~3~ was found to negatively regulates the Wnt/β-catenin/TCF signaling pathway \[Figure [4](#F4){ref-type="fig"}\]. The inhibitory effect of 1α, 25(OH)~2~D~3~ on EMT provides a basis for advances in airway remodeling in asthma. As such, our results provide an experimental basis for the prevention and treatment of asthma by 1α, 25(OH) ~2~D~3~.

![1α, 25-dihydroxyvitamin D~3~ promotes the translocation of β-catenin from the nucleus to the plasma membrane, and competes with T-cell transcription factor 4 (TCF4) for β-catenin binding. This results in the inhibition of the Wnt-β-catenin-TCF4 signaling pathway and a reduction in the expression of transcription factors (Snail and MMP-9) and synergy with ICG-001. MMP9: Matrix metalloproteinase 9; TGF-β1: Transforming growth factor β1.](cm9-133-1298-g005){#F4}
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